The aim of this study was to design and synthesize a series of high activity compounds against aspartyl protease β-secretase (BACE-1) bearing hydroxyethylene (HE) framework.
Introduction
Alzheimer's disease (AD), the most common form of dementia in the elderly, is characterized by an impairment of intellectual capacity [1] and brings about a heavy social and financial burden for both society and families. The worldwide AD situation is worsening, with average life expectancy growing [2, 3] . To date, there is still no drug that can cure the disease [4, 5] . Therefore, the research and development of effective drugs for the prevention and treatment of AD is of significant importance.
Although the actual cause of AD has not been identified with certainty, increasing evidence has linked the disease with β-amyloid peptide (Aβ) [6, 7] . Aβ is closely associated with AD and inhibiting Aβ generation may stop or slow AD progression because the polymerization and subsequent aggregation of Aβ cause plaque formation and eventually lead to the loss of neuronal function in AD patients [8, 9] . The recently discovered aspartyl protease β-secretase (BACE-1) has received considerable attention because of its key role in the generation of Aβ [10] . Moreover, BACE-1 gene knockout mice showed no Aβ production and appeared healthy, which offered further powerful in vivo evidence for the opinion that BACE-1 was an attractive AD target and inhibition of the protease could effectively reduce Aβ formation, thereby halting the progression of AD [11, 12] . Since first discovered in 1999, numerous BACE-1 inhibitors have been designed, synthesized and evaluated the biological activities, in which some molecules caused an in vivo decrease of amyloids when used in animal models (eg, 1, 2) [13] [14] [15] , especially compound GRL-7234 bearing the HE scaffold, which has been shown to induce a reduction of Aβ 40 production in transgenic mice after a single intraperitoneal administration ( Figure 1 ) [14] . However, the majority of these compounds are peptide-based analogs [16] [17] [18] [19] [20] [21] that, if used as drug agents, will face formidable difficulties due to their vulnerability to degradative enzymes, rapid biliary clearance and poor oral absorption [22] . Therefore, the development of therapeutically promising, low molecular weight potent BACE-1 inhibitors is urgently needed.
Merck's group previously found a nonpeptidomimetic BACE-1 inhibitor 3 ( Figure 2 ) through high-throughput screening and lead optimization [23] . The group also disclosed the crystal structure of the inhibitor bound to the enzyme, which showed that the molecule occupied the S 1 -S 4 subsites of BACE-1, but lacked direct interaction with the catalytic aspartates of the enzyme; this is presumed to be a main cause of its moderate activity. The authors then synthesized a series of hybrids, such as 4 ( Figure 2 ), by combining 3 and hydoxyethylamine isostere (HEA). These hybrids have been demonstrated to be capable of interacting with catalytic aspartates in previous studies of aspartyl protease inhibitors. Through biological evaluation, the compounds were found to exhibit excellent inhibitory effects and cell-permeability [24] . According to these results, many other inhibitors with high potency were also obtained by combining the substituted isopthalamides into the HEA scaffold [25, 26] . However, until now, no compound bearing the HEA scaffold has gone to clinical trial.
Hydroxyethylene (HE) is another important isostere of the aspartyl protease inhibitors and the HIV drug, Indina vir, which adopts it as a scaffold, was approved to go on the market several years ago [27] . Ghosh and co-workers have proven that compounds that incorporate substituted isopthalamides as P 2 -P 3 ligands in combination with the Leu-Ala HE dipeptide isostere can also form direct hydrogen bonds with the catalytic aspartates and display excellent potencies toward BACE-1; this group discovered the most potent compound, GRL-7234, described above [14] . However, this molecule has a large molecular weight and many amide bonds, which may cause problems in further studies. HE isostere has been under study for some time to discover BACE-1 inhibitors in our laboratory [28] . Compound 5 was one of the most potent inhibitors found in our previous study. We have also established a general method for the efficacious solid phase synthesis of derivatives based on the HE scaffold through modifying its C-terminus and N-terminus. Based on our previous study, we explored more drug-like inhibitors with fewer amino acids and amide bonds.
Materials and methods

Chemistry
Compound design The structures of the potent HEbased BACE-1 inhibitors, including compound 5 ( Figure  3 ) discovered by our group, share the same HE isostere and similar N-terminal isophthalamide scaffold with GRL-7234 [14, 28] . These observations promoted us to explore whether potent inhibitors could also be obtained by introducing substituted isopthalamides, discovered by Merck's group and also used by Ghosh and co-workers, into 5. This series may maintain or elevate the inhibitory activities of 5 and possess a lower molecular weight and fewer amide bonds than the compound GRL-7234. Therefore, a small focused library of HE hybrids was designed and constructed. Through biological screening, two highly potent BACE-1 inhibitors, 10 and 11 (IC 50 =0.010 and 0.031 µmol/L), were identified. In this report, the design, synthesis, and biological evaluation of these inhibitors are described.
To explore whether substituted isopthalamide fragments fit the S 2 -S 3 pocket of BACE-1 appropriately and helped to improve inhibitory activity when they were introduced into compound 5 and to further investigate the structure-activity relationships (SAR) of these hybrids, we designed and synthesized a focused, small library containing 13 members (Table 1) . Isobutyl and cyclopropyl groups were selected as the C-terminal residues of R 1 of HE because the isobutyl moiety was found to be a good C-terminus of HE in our previous study [28] and the cyclopropyl group was the C-terminal substituent of the potent HEA-based inhibitors developed by Merck's group [24] . N-terminal residues are a series of isophthalamide derivatives with various substituents at the 3-and 5-positions. R 3 at the 3-position was investigated using (R)-1-(4-fluorophenyl)ethyl, (S)-1-(4-fluorophenyl)ethyl, (R)-1-phenylethyl, (S)-1-phenylethyl, 4-fluorobenzyl and benzyl groups. An N-methyl(methylsulfonyl)amino, nitro or hydrogen group was incorporated at the 5-position as R 2 . All designed groups of R 3 and R 2 were selected according to our previous studies and those by Merck's group [25, 26, 28] and combined several analogues, such as 4-fluorobenzyl and benzyl moieties at the 3-position, for systematically investigating the SAR of these types of inhibitors.
Preparation of the small library by solid-phase synthesis The HE-containing compounds 6-18 (Scheme 1) were synthesized using a solid-phase strategy, which was shown to be effective in the preparation of HE-based compounds in our previous study [28] . The route is demonstrated in Scheme 1. First, hydrolysis of the known γ-lactone AA [16] , employing lithium hydroxide as base, followed by reaction with allyl bromide, provided allyl ester HE analogue, BB. The The wavelength of the compound is the same with that of determination, which led to serious interference on the fluorescence-based bio-assaying, we could not carried out enzyme-level evaluation for them. esterificaton of BB with TentaGel S COOH resin, using 1-(3-dimethylamino)propyl-3-ethyl-carbodiimide hydrochloride (EDCI) and N,N-dimethylaminopyridine (DMAP), provided the solid supported product, CC. Subsequently, the allyl group of the C-terminus was removed and coupled with the corresponding isobutylamine or cyclopropylamine in the presence of EDCI and 1-hydroxy-benzotriazole (HOBt) to give EE. After the N-Boc group of EE was removed in the presence of 30% CF 3 COOH in CH 2 Cl 2 , the resulting amines were reacted with the corresponding monoallyl isophthalic ester derivatives to yield GG, employing benzotriazole-1-yl-oxy-trispyrrolidino-phosphonium hexafluorophosphate (PyBOP) and HOBt as condensation agents. Finally, removal of the allyl group of GG and reaction with various amines afforded II, which was cleaved with 10% triethylamine in methanol to produce designed compounds 6-18. All compounds were obtained in >60% total yields and in >85% purity before further purification.
Enzyme-based assay of BACE-1
Recombinant human β-secretase ectodomain (amino acid residues 1-460) was expressed as a secreted protein with a C-terminal His tag in insect cells using baculovirus infection. The BACE activity was determined at room temperature by monitoring the hydrolysis of FRET substrate DABCYL-SerGlu-Val-Asn-Leu-Asp-Ala-Glu-Phe-EDANS (SynPep Corp, USA). In a typical 100 µL assay, in a mixture containing 100 mmol/L ammonium acetate, pH 4.0, 20 µmol/L substrate, and 50 nmol/L purified recombinant human BACE-1/Fc, the enzyme activity was continuously monitored with excitation at 355 nm and emission at 460 nm for 20 min and the initial rate of the hydrolysis was determined using the early linear region of the enzymatic reaction kinetic curve.
Molecular docking
AutoDock Tool software was utilized to prepare the proteins and ligands for docking studies. The hydrogens were added to the protein structure and the protein atomic partial charges were assigned with an Amber force field. The partial charges of ligands in the docking study were calculated using the Gasteiger method. The software AutoDock4 [29] was adopted to dock ligands 10 and 16 into the binding site of BACE-1. The Lamarckian genetic algorithm (LGA) [30] was applied to deal with the protein-ligand interactions. A Solis and Wets local search was performed for energy minimization on a user-specified proportion of the population. To explore the conformational space of ligands, the overall translation steps were set to 0.2 Å, and the overall rotation and torsion rotation steps were set to 5 degrees in the docking studies. The number of GA generations, energy evaluations, and docking runs was set to 370 000, 8 000 000, and 50, respectively. The 3-dimensional crystal structure of BACE-1 was retrieved from the PDB database (access PDB code 1TQF).
Results
Library design and synthesis
On the basis of the framework of compound 5, compounds 6-18 were designed and synthesized; their chemical structures are shown in Table 1 . These compounds were synthesized through the route outlined in Scheme 1. All compounds were obtained in >60% total yields and in >85% purity before further purification. To meet the assay requirements, some key compounds were further purified by preparative thin-layer chromatography (>98%). Details for synthetic procedures and structural characterizations have been described above.
Inhibitory activity toward BACE-1
We also evaluated the BACE-1 inhibitory activities of designed compounds ( Table 1 ). The wavelengths of some compounds were the same as that used to monitor activity in the assay, which led to serious interference on the fluorescence-based bio-assaying; therefore we could not carry out enzyme-level evaluations for those compounds. Encouragingly, most compounds displayed high inhibition against BACE-1, especially compound 10, which was about 5-fold more potent than the control compound 4 discovered by Merck.
Molecular modeling
With the aim of obtaining information about the possible interactions of the new molecules with BACE-1, which, in turn, could be useful in the design of more potent BACE-1 inhibitors, a docking study was performed using the advanced AutoDock program (Figure 4 ). Compounds 10 and 16 were docked into the protein to compare the relationship between structure and activity. Their interac tions have revealed their binding modes and explained the binding differences between the substituted groups at the 5-position of isophthalamide. shows the overall conformation of compound 10 situated in the binding site of BACE, the binding site was depicted in surface model; (B) Closeby view of the interaction between compound 10 and BACE. Three important hydrogen bonds between methyl(methylsulfonyl)amino group and residues Asn233, Arg235 and Ser325 of the enzyme were highlighted; (C) Close-by view of the interaction between compound 16 and BACE, which the distances between the nitro group and residues Asn 233 and Arg235 were obviously larger and beyond the normal hydrogen bonding distance (3.5Å).
Discussion
According to the bioassay results shown in Table 1 , compounds 10 and 11, bearing a (R)-1-(4-fluorophenyl) ethyl group at the 3-position of the N-terminal isophthalamide and methyl(methylsulfonyl)amino at the 5-position, showed highly potent activities, comparable to that of inhibitor 4 developed by Merck's group (IC 50 : 0.010 and 0.031 µmol/L vs 0.049 µmol/L). This suggested that like GRL-7234, substituted isopthalamides could also fit the S 2 -S 3 pocket effectively by combination with 5. Interestingly, our compounds may have good properties, with lower molecular weights and fewer amide bonds than GRL-7234. Similar to the observations by Merck's group, we also found that HEbased inhibitors (10 and 11) with (R)-1-(4-fluorophenyl) ethyl groups at the 3-position of isophthalamide were much more potent than those (12 and 13) with the (S)-isomer as a substituent at the site. By comparing 10 and 11 with 14 and 15, it could be observed that the methyl substituent at the benzyl group of R 3 is important for potency and its removal would lead to an immense decrease in the activities of the inhibitors. From the results in Table 1 , we could also see that isobutyl and cyclopropyl groups displayed no obvious differences at the C-terminus of HE (10-11, 12-13, 16-17) . Moreover, according to the results demonstrated by 16-18, compared with N-methyl(methylsulfonyl)amino, nitro and hydrogen groups are clearly not suitable at the 5-position of N-terminal isophthalamide. The results were unexpected because they were in contradiction with our previous study, in which we found the nitro substituent was as good as the methyl(methylsulfonyl)amino moiety at the 5-position. Furthermore, based on previous SAR studies [28] , the (4-fluorophenyl)ethyl group does not seem to be an good substituent at the 3-position of N-terminal isophthalamide in HE-based inhibitors because the ligand containing the aromatic group is relatively large. Compounds 10 and 11, which contain the substituent, did show nanomolar activities. The unexpected results pushed us to carefully study the complex crystal structures of 3 and 4 [14, 15, 23, 24] . Coburn provided a possible explanation for the unexpected phenomena [23] that the α-methyl of (4-fluorophenyl)ethyl of 3 at the 3-position packs firmly against Ile110 of BACE-1, which orients the 4-fluorophenyl ring toward S 3 and creates a novel S 3 subpocket (S 3 SP ). The subpocket is unique, different from other reported BACE-1 complexed structures, which may make (4-fluorophenyl) ethyl as a suitable substituent as R 3 , even for HE-based inhibitors [14, 15] , although it is relatively large for the S 3 pocket. The special orientation of the molecules in the active pockets of BACE-1 is closely associated with the groups of the 5-position of N-terminal isophthalamide, which may result in N-methyl(methylsulfonyl)amino being more preferable than the nitro group at this site when (4-fluorophenyl)ethyl group is selected as R 3 .
To support this assumption, docking studies have been performed to gain insight into specific ligand-binding site interactions. The modeled structures of 10 and 16 bound to BACE-1 active sites were constructed (PDB entry 1TQF). As shown in Figure 4 , compound 10 was accommodated in the active site, which may explain the high potency toward BACE-1. As we expected, at the N-terminal isophthalamide, 10 and 16 demonstrated certain differences. Although the (4-fluorophenyl)ethyl group at 3-position of two compounds fills the S 3 subpocket, the compounds show different interactions with BACE-1 at the 5-position. The two oxygens of the methylsulfonyl substituent in 10 form hydrogen bonds with Asn233, Arg235, and Ser325. On the contrary, the oxygens of the nitro group in 16 cannot interact with the ambient residues effectively, which may result in the dramatic loss of inhibitory activity. These observations are consistent with the results of biological evaluations. The analysis from modeling improved the rational design of new BACE-1 inhibitors. Further explorations are actively being pursued and will be reported in due course.
Conclusion
To develop more drug-like BACE-1 potent inhibitors, a series of isophthalamide-HE hybrids was designed and synthesized. During the study, it was found that both isobutyl and cyclopropyl amines were the optimal C-caps of the HE scaffold, and isopthalamide fragments used in the HEA scaffold by Merck' group introduced at the N-terminus as P 2 -P 3 ligands helped to improve potency. Notably, compounds 10 and 11, which have lower molecular weights and fewer amide bonds than GRL-7234, exhibited excellent enzymeinhibiting potency. With the aid of molecular modeling, valuable information regarding enzyme-inhibitor interactions was obtained, which may help in the rational design of new potent inhibitors. Further studies are in progress and will be reported in due course.
Appendix
The reagents (chemicals) were purchased from Lancaster (Morecambe, England), Acros (Geel, Belgium) and Shanghai Chemical Reagent Company (Shanghai, China) and were used without further purification. Analytical thin-layer chromatography was performed on HSGF 254 (150-200 μm thickness; Yantai Huiyou Company, Yantai, Shandong, China General procedures for the preparations of 6-18 BB (64 mg, 0.188 mmol), EDCI (36 mg, 0.188 mmol), and DMAP (9 mg, 0.075 mmol) were added to 0.15 g TentaGel S COOH resin (loading: ~0.25 mmol/g) in 3 mL of a mixture of CH 2 Cl 2 and DMF (4:1) and the mixture was reacted overnight. The mixture was filtered and about 46 mg BB was recovered from the filtrate by chromatography. The resin was washed three times each with DMF, 2-propanol, and CH 2 Cl 2 . CC was mixed with Pd(PPh 3 ) 4 (9 mg, 0.0075 mmol) in 0.25 mol/L DMBA in 3 mL of CH 2 Cl 2 under an Ar atmosphere for six hours and washed three times each with 20% acetic acid in DMF, DMF, 2-isopropanol, and CH 2 Cl 2 . Then the resulting resin was treated with a mixture of isobutylamine (0.038 mL, 0.375 mmol) or cyclopropylamine (0.375 mmol), EDCI (108 mg, 0.563 mmol), HOBt (76 mg, 0.563 mmol), and DIPEA (0.066 mL, 0.375 mmol) in 3 mL anhydrous DMF for 1 day. The resin, EE, was washed three times each with DMF, 2-propanol, and CH 2 Cl 2 and treated with 3 mL of 30% trifluoroacetate in CH 2 Cl 2 for 1 h. The resin was then quickly washed three times each with CH 2 Cl 2 , 10% triethylamine in CH 2 Cl 2 , CH 2 Cl 2 , and DMF. The resulting resin, FF, was reacted overnight with a 25 mL mixture of 0.15 mol/L of the corresponding 3-(allyloxycarbonyl)-benzoic acid derivative, 0.15 mol/L PyBOP, 0.15 mol/L HOBt and 0.45 mol/L DIPEA in 3 mL DMF. The resulting GG were washed three times each with DMF, 2-propanol, and CH 2 Cl 2 . Subsequently, GG was treated with Pd(PPh 3 ) 4 in 0.25 mol/L DMBA under an Ar atmosphere for 6 h and washed three times each with 20% acetic acid in DMF, DMF, 2-propanol, and CH 2 Cl 2 . Then, HH was treated with a mixture of the corresponding amine (0.094 mmol), HBTU (0.036 g, 0.094 mmol), HOBt (0.019 g, 0.14 mmol), and DIPEA (0.033 mL, 0.188 mmol) in 3 mL anhydrous DMF. Then, the product was washed three times each with DMF, 2-propanol, and CH 2 Cl 2 . II was reacted with 5 mL 10% triethylamine in methanol at 55 o C for 18 h, and the resin was filtered and washed three times with a mixture of methanol and dichloromethane (1:1). The combined filtrate was concentrated to yield the product. Compounds 6-18 were obtained in 61.6%-74.3% yield (based on theoretical loading value of resin), showed 86.12%-94.56% purity, and were further purified by preparative TLC and showed >98% purity, as determined by HPLC, before biological evaluation. 
